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RESEARCH MEMORARDUM

INVESTIGATIONS OF ATR-COOLED TURBINE ROFCRS FOR
TURBOJET ENGINES
I - EXPERIMENTAL DISK TEMPERATURE DISTRIBUTION IN MODIFIED J33
SPLIT-DISK ROTOR AT SPEEDS UP TO 6000 RPM

By Wilson B. Schremm end Robert R. Zlemer

SUMMARY

An experimentel Investigetlon is beilng conducted at the Lewls
lgboratory to establish general principles for the design of noneriti-
cel turbine rotor configurations. Th_'[.s investigation includes evelu-
ation of cooling effectiveness, structural stabllity, cooling-elr flow
distribution charecteristics, and methods of supplylng cooling ailr to

-the turblne rotor blades.

Prior to design of a nonerilticel rotor, a stendard turbine rotor
of a commerical turbojJet engine wes split in the plaene of rotation and .
machined to provide a pessage for distributing cooling air to the base
of each blade. The rotor was fitted with nontwisted, hollow, air-
cooled blades camtaining nine tubes in the coolant passage.

In the investlgatlion reported hereln, the modified turbine rotor
operated successfully up to speeds of 6000 rpm with ratios of cooling-
air to cambustion-gas flow as low as 0.02. The disk temperstures -
observed st these conditlons were below 450° F when cooling alr at
100° ¥ was used from the laboratory air system. The calculsted disk
temperatures based on the correlation method presented for rated engine
conditions were well below 1000° F at a cooling-air flow ratlio of 0.02,
which is consldered adequate for a noncritical rotor. An apprecisble
difference In temperature level exlsted between the forwaerd and reer
diseks. This temperature difference probably introduced undesirable
disk stress distributions as & result of the relative elongetlons of
the two diskes. This Investigation was terminated at 6000 rpm so that
slight changes ln the engine configu.raticn could. be madé to relleve
this condition.

~ UNCLASSIFIED

T



2 : NACA BM E51T11

- INTRODUCTION

An investigatlon is being conducted at tlie NACA Lewls laboratory
to extend the application of turbine cooling to full-scale turbojet
engines end thereby eliminate extensive use of cri'l-.ical materials in

the turbine rotors.: Although the effectiveness of ailr cooling es & . ._ .

mesns of controlling blade témperature distribution is demonstrated for
various coolant. passege cdnfiguretions in references 1 to 6, other .
factors must be considered in design and apblication of alr-cooled non-
critical turbine rotora. The internsl blade coolant passage conflgure-
tion Imposes limitations on the external aerodynamics of the rotor
blade which may influence over-all engine performance. The unconven-

tional configurations may also cause additlonal disk stress limitatioms.

The coolant passages within the.rotor must be designed to provide uni-
form distribution of the cooling air at the entrance to the blade base,’
and an effective. coolant supply Bystem is requd:..-ed between the com-
pressor.bleed and rotor inlet with sultable leakage seals at the point
of Introduction into.the rotor.. Developmeunt of rotor configurations
which faclilitate more conventional mass-production methods must also

be consildered 1f high component producibility is to be cbtained.

Many supply errvangements and rotor con:f‘igura.tions to direct cool- . .
ing air to the blade beses have been consldered. A commonly proposed

system, which has been successfully applied to same extent 'in the turba-

Jet engine, consists of a thin sheet metal shroud and impeller located
on one face of the turbine disk, which provide an air passage out to
the rim by having unBymnetrical trensverse passages in the rim struc-
ture to the covling-elr openings in the blade base. Preliminary d.esign

studles indicated the deslrability of a rotor configuration in which the

centrifugal load of the blades 1s carrled in a symmetrical rim snd disk
structure and the cooling air is introduced through e symmetrical pas- _
sage directly umder the blade base. It was ant:l.cipated. that euch a
rotor could be cooled lmiformly from its centra:L Plane, would be struc-
turally stable, emd would also effect & uniform ‘chordwise distri'but:l.on
of .cooling air within the blade shell. On the basls of these require-
ments, a split-disk rotor configuration was selected which had cooling
air supplied through the tall cone to a central hole in the rear disk.

The principal uncertalnty in design of rotors for air-cooled non-
critical turbines is the lack of adequate data on disk temperature
distribution over a range of blade cooling-air flows. In this investi-
gation, the magnitude and behavior of internel temperasture gradients in
g disk end its operating temperature level at the cooling-ailr flows
required for acceptable blade temperetures were sought prior to febri-
cation of a similaer nénceritical rotor. The computed stresses in a
disk structure of the type used in this investigation, having s supply

hole in the rear disk, and the results of & cold spin test of a similar

rotor as well as the design ‘of the supply duct in the tall cone that
introduces the cooling air into the rotor asre discussed in reference 7.
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For this investlgatlon, a standdrd J33 turblne disk of 16-25-6 alloy
was altered: to provide the desired configuration and fitted with 54 non-
twisted alr-cooled blades, cast of high-tempersture alloy X-40 and con-
taining nine tubes in the coolant pasgage. No attempt was made to
correct the derodynamic design of the blades for the Initial rotor. An
internel vene system was Incorporated that was considered to be primarily
a distributer rather than a compressor becsuse the low clrcumferentisl
speed at the tip of the vanes limited. the pressure rlse availsble even
at high Internal efflclencies.

The measured disk temperature distributlions obtalned from prelimi-
nary operatlon of the engine as well as dlisk temperatures predlcted for
rated sea-level static conditions are presented herein. The runs
reported were conducted at englne speeds of 4000, 5000, and 6000 rpm,
over a range of cooling-sir flows from 2 to 10 percent of the combustion-
gas flow. The 1nitial phase of the Investigation was termlnated at
6000 rpm 1n order to correct a difference in tempereture level encoun-
tered between the forward and rear disks by modifying the engine config-
uretion.

SIMBOLS
The following symbols dére used in this report:
h'  enthalpy based on.totel conditions . (Btu/lb)
engine speed (rpm)
power (Btu/sec)
hest galned (Btu/sec)

redius

H H £ N =

temperature (°R or OF)

welght flow (1b/sec)

]

temperature-recovery factor

temperature-difference ratio (Tg o - - Tp)/ (Tg,e - Ta, e, H)
Subscripts:
a cooling air

av average
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B " cooled blade - R
c compressor

D disk

e effective -

F fuel o . S . -~ .- o
g cambustion gas

H rotor hub

I inlet

m mixture of cambustlion gas and cooling a:ir In tall pipe

8 stator.

t ta.i.:l. pipe

1l to 12 refers to disk thermocouple locations .

APPARATUS

In this investigation of the coolling and structural problems
encountered in an operating air-cooled tyrbine rotor, a J33 turbojet
englne was utilized as a test facllity. Thils engine had a dual-entry-
type centrifugal compressor driven by = single-stage turbine and the
combustion-chamber assembly consisted of 14 individual burners con~
nected by f£fleme propagation tubes.

Engine Modifications

Turbine modifications. - The design of the alr-cooled turbine
rotor is 1llustrated in figure 1. The standard turbine disk was split
in the plane of rotatlion end each digk mechined to provide a redial air’
passage from the point of introduction of the cooling alr in the resrxr

disk to the blede basé; this operation reduced the total rotor thickness

by l/ 2 inch. The forward disk of the turbine was Integral with the
shaft and carried the torque: The rear disk formed one slde of the alr
passage and permitted Introduction of the cooling air through e central .

3-3—:—inch diameter hole. An amount of metal corresponding to that removed
in the air supply hole wes removed from the cernter of the forward disk _
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as shown in figure 1 to equaellze any radial elongations which might
occur. The two dlsks were bolted together with elighteen 7/16—1nch
diameter body-fit bolts, wlith suffliclent tenslion to adequately seal the
parting line at the rim of the disks. An Internal vane system, shown
in figure 2, was milled integral with the disk halves. The 18 bolts
that fastened the two disks together were burled within the impeller
venes and thus offered no obstruction to the cooling-elr flow. The
cooling-alr flow path within the turbine rotor wes designed to transfer
as effectlively as posslble the cooling alr from a plsne perpendicular
to the axis of the turbine to a plene through the axls under each blade.

The cooling-air supply tube, which was a part of the tall-cone
assembly (figs. 3 and 4), was piloted in a labyrinth seal by a spider,
shown in the right-hand view of figure 2. Thils splder was, In turn,
piloted through sealed bearings (fig. 1) by the spindle which extended
from the forward disk and the splndle and felring formed the Inner
boundary of the coolling-slir supply passage. The tips of the spider,
vhich remeined statlionary, were concentric with the turbine shaft.
Plloting of the cooling-alr supply tube 1ls essential becsuse seal mis-
alinement due to thermal distortions end loasding of the tall-cone
structure may result in excesslve loss of cooling alr.

Turbine blades. - The nontwisted alr-cooled bledes (:I:‘ig. 5) used
in the rotor were made wilth the same ocutside proflile as blade 4 in
reference 4, because the dies were available. The cooling-alr passage
of the blade was packed with nlne tubes'whlch ended at the platform of
the blade base and thus the blade shell at the root section was forced
to carry the entire welght of the tubes. Ending the tubes at the blade
platform was riecessary because the blade bese was 1/2 inch shorter than
the origlnal because of the splitting of the disk. Therefore, the
cooling-alr pessege within the blade base tapered from the blade pro-
fille Ef:'i.g. 5(a)) at the top of the base to the profile shown in fig-
ure 5(b).

The blade shell and base were precislon cast from the high-
temperseture alloy X-40. The cooling-alr passage was of constent area
from blade root to tip and the wall tapered linearly from the root to
the tip. The nominaX thickness of the wall was 0.030 inch et the tip
and 0.060 inch at the root. The nine stalniess steel tubes were
Inserted in the blade shell from the tlp and brazed In place. The
arrengement and size of these tubes are shown in figure 5(a).

Tell-cone modifications. - Although compressor bleed alr for cool-
ing 1s probably necessary iIn a flight installation, the laboratory
high-pressure alr system wes used to supply the cooling elr to the
rotor In this Investigation in order to hasten the operatlon of the
turbine, to meintain better control, and to extend the range of .opera-
tion. The standsrd engine tall cone was modified to provide introduc-
tion of the cooling air as shown in flgures 3 and 4, end dlscussed in
reference 7. '
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Instrumenteation

Rotating thermocouple system. - The rotating blade and disk thermo-
couples were comnected to the insulsted terminals on the terminsl ring
(£1g. 6), clamped aslong the face of the disk, and passed through a 3/8-
inch radial hole in the shaft that provided access to the 3/8-inch axial
hole 1n the shaft as shown in figure 3. Forty-elght 28-gage lead wires
were run through the érilled turbine shaft and the compressor to a dis--

comnect and Indexing coupling and then to a s8lip-ring-type thermocouple ~

pickup which 1s shown in figure 7. This discommsct and indexing coupl- .
ing consisted of a commercial pin and socket commector Ffitted with
chromel and alumel pins and sockets. The 48 lead wires were soldered
to the engine side of thls commector and 24 wires from the thermo-
couple pickup were soldered to the other side. The connector was de-
signed so that by rotating half of the commector 180° with respect to
the other half, elther group of 12 thermocouples could be conmected.

Blade instrumentation. - Three blades located approximately 120°
epert, were each equipped with three blade wall thermocouples and one
thermocouple that msasured the cooling-alr temperature in the blede
root. These 12 thermocouples formed one group in the indexing coupling.
Dats on the blades wilth thermocouples are not reported herein.

Disk instrumentation. = The location of the disk thermocouples is

shown 1n figure 8. Eilght thermocouples were placed on the forward disk
and were located so &s to enable measurement of the radisl temperature
profile of the disk as well as the temperature gradlent across the disk
thickness. Thermocouples 1, 2, ahd 4 wereé placed ebout 0.14 inch
beneath the outslide surface of the disk. Thermocouples 3, 5, and 8 were
placed about the same distance from the immer surface of the forward _
disk, thermocouples 3 and 5 being located under a cooling-alr passage
and thermocouple 8 undeér a vane, to determins 1f the part of the disk
beneath the vane was cooled by the extended heat-transfer surface
offered by the vane. Thermocouple 6 was located in the turbine rim at a
radlus that corresponded to the base of the serrations. Thermocouple 7
was placed sc as to give an average measuremerit of the serration tem-
perature. Only three thermocouples, 89, 10, and 11, were located on the
reer disk because of the necessity of drilling & hole .through the disks
to bring the wires to the terminel ring on the front face {fig. 6).
The 1nstallation of the thermocouples in the rear disk 1s shown in fig-
ure 9. These thermocouples were positioned approximately in the center
of the disk width to give an average radial temperature proflle of the
rear disk. Thermocouple 12 was pleced on the spindle directly beneath
the imner race of.‘the foremost spider bearing (fig. 8).

The assembly of the 36-gage chromel-alumel thermocouples was the
same s that for the alr-cooled blades described in reference 1. The
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thermocouples were insuleted inside 0.040-inch Inconel tubing end in-
serted in the holes drilled in the disk. The Inconel tubing, with the
leads Inside, was attached by spot-welded straps to the side of the disk
as shown jn flgure 6 and the tubling terminated near the imsulated bolts
located on the thermocouple terminal ring.

Cooling-air supply control and instrumentation. - The cooling-sir
flow to the disk was measured by a standard ASME flat plate orifice and

-was controlled by remote-control velves. The cooling-eir inlet tem- -

perature to the turbine rotor was measured by the two open-end Iiron-
constantan temperature probes located on the survey rske in the cooling-
alr supply tube (fig. 4). Additionsl instrumentation in the tall coms
conslsted of two chromel-alumel thermocouples spot-welded to the surface
of the baffle plate.’

Engine instrumsntation. - The turbine speed was regulated for eny
particular run by the use of a stroboscoplc tachometer and & chrono-
metric tachometer was used to measure the speed. The compressor inlet
temperature wes measured by three shielded thermocouples on both the
front end rear inlets, which were spaced equally about the circum-
ference. The compressor outlet temperature and total and static pres-
sures were measured by probes located in the diffuser section just down-~
stream of the compressor. The englne mass flow was calculaeted from tem-
pereture and total and static pressure readings obtained from a survey
reke located in the tall plpe approximately 6 feet downstream of .the
turbine. Fuel flow was measured by means of a calibrated rotemeter.

EXPERTMENTAT, FROCEDURE

The turblne was operated at various speeds and cooling-air flows.
For a glven speed, which was regulated by the use of a stroboscopilc
tachometer, the cooling-air flow was varied by means of the remote-
control valves. TFor all runs reported herein the adjusteble exhaust

nozzle was maintained in the full-open position (20]]—:36—1110]1 diam.).

The 12 thermocouples in the disk were arranged in the disconnect and
Indexing coupling so that ilndexing was not necessary to obtain readings
on all disk thermocouples. Englne starting and operating procedures
were standsrd. When the engine was shut down, however, the cooling-air
flow was maintained after the fuel was shut off in an effort to cool ~the
disk so that the bearings on ths spindle shaft would not be heated by
the large heat source in the disk.

The data presented hereln were bbtained at three engine speeds ’
4000, 5000, and 6000 -rpm. A summery of the ehgline operating conditioms
is given in table I. For each speed the cooling-ailr flow was varied
from 10 percent to epproximately 2 percent of the compressor mass flow.
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CAICULATION PROCEDURE
Correlation .of Disk Temperatures

At present, no amalytical method is known for predicting alr-cooled
disk temperatures such as the method developed in reference 8 and used
in reference 1 to predict the spanwise tempersture distribution of an
air-cooled blade. A method hes beén sterted, however, by consldering a
differential section of the disk end expressing the heat-balance equa-
tions for this section on the hesis of the condugtion and convection
processes. The preliminary equation for predlicting disk temperatures 1s
of third-order differential form end is a function of the geametric loca-
tion and size of the element under consideration, the heat-tranafer
coefficient on the outside of the disk, the heat-transfer coefficlent on
the cooling-air side of the disk, the conductivity of the materiasl, the
effective gas temperature, the effective cooling-alr itemperature at the
cooling-air inlet, the cooling-elr welght flow, and the disk speed. In
equation (1) of reference 1 the blade temperature is a function of the
seme general terms mentioned for the disk temperature with the exception
that the thermal conductivity has been neglected in the blade-temperature
equetion. Because of the functlonal similarity between the two equa-
tlons, a tempereature difference ratic that describes the effectivenees

of the cooling process and is similar to that used in reference 1 _should

2302

correlate the disk temperstures, at least for a given turbine speed.

8ince gome of the observed disk temperatures are rather low, values

T - T
of the temperature-difference ratio o= -T-EIE———TD—— (equation (1),
g,e 'a,e,H -

reference 1) near 1.0 would be obtained. Thus, small varistions in the
velues of Tp would affect the percentege changs of this ratio very

little. For this reason, the disk temperature data have been correlated
Tp - Ta,e,H

Tg,e - Ta.,e,'.E

on the basis of. (1 - o) = vhere small veriation of Tp

wlll affect the temperature-difference ratlo markedly.

Determination of Turbine Inlet Temperatures

Temperature and pressure messurements were not made at the stator
inlet. Since the circumferential and radial tempereture patterns from
the burners varled wildely, e large number of Instruments would have beén
needed to obtain an eccurate average. Therefore, it was necessary to
calculate the average stetor inlet temperature from the measurements of



2G

2028

NACA RM ES1T11 . o ’ 9

the conbustion gas and cooling-eir mixture taken in the tail pipe down-
stream of the turbine. The static and total temperatures at this sta-
tlon were evaluated as In equations (15) end (16) of reference 1. The
stator inlet conditions, based on the measurements made in the tail
pipe, were determined by use of the emergy equation which is based on
the change in state of the combustion gas and the cooling air through
the turbine. All the heat lost by the combustion gases in the tall come
was assumed to be gained by the cooling air as it passed through the -
tell cons. This energy equation, which was developed in reference 9, is
as follows: .

- - - . - - = ]
(wgh'g,S,I Pc Pa Q‘a,B)"'(wah'a.,I"'.P_a"'Qa,B"'Qa,t) qa,t Vb (1)

where
h'a T - total enthalpy of blade cooling air outside tail coms (Btu/Ib)
, . ;
h'g S- p ‘total enthalpy of combustion gases et stator inlet (Btu/Ib)
8, . :
h'm total enthalpy of mixture of combustion geses and cooling alr
in teil pipe (Btu/1b)
P, pover to pump blade cooling air. (Btu/fsec)
P, power required by compressor (Btu/sec)
Qg B heat-galned by cooling air passing through cooled blades
! (Btu/sec) ]
Q t heat galned by cooling air passiné through tail cons (Btu/sec)
:
Vg cooling-air welght flow (1b/sec)
vy combustion-gas welght flow- (1b/sec)
w welght flow of mixture of combustion ges and cooling air in
nm tail pipe (1b/sec)

The average total temperature of the combustion gss at the stator inlet
was evaluated In a menner similar to that described in reference. 1.
Equation (1) is based on the assumption that ‘the mixture of combustion
gases and cooling glr downstream of the turbine is complete end that the
rake In the taill pipe measures a true mixture temperature. In refer-.
ence 1 only two of the 54 blades were cooled end the net effect of ths
cooling alr, scavenge alr, and bearing air on the mesasurements taken in .
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the tall pipe was somewhat less than on the configuration consldered
herein, If the cooling air discharging from the tips of the blades does
not mix thoroughly with the combustion gases but insteaed flows along the
outer wall of the tall cone, the temperatures measured. by the rake may’
not be the true average mixture temperature even though the rake extends
entirely across the tall plpe. However, the calculated effective gas
temperatures are estimated to be sccurats to within 4 percent of the
true effective gas temperature. The methods of determining the stator
Inlet pressures and the thermod;ymmic properties of the combustion gas
and the cooling alr are the same as those described in reference 1.

Determination of Effective Gas Temperature
In order to calculate the values of 1 - for use in the correla-
tion procedure, or to determine the disk temperatures when the wvalues of

l - ¢ are known, the effective gas temperature Tg o at the rotor -

blede must be evaluated. The interrelation of the effactive gas temper-
ature and the total and static gas temperatures aend the temperature :
recovery factor A 1s discussed in reference 1l and excellent correla-
tion with the .measured effective gas temperature over the range of tem-
peratures investigated 1s shown. The recovery factor used for the cal-
culations described herein was determined in 'bhe same memmer &8 that
described in reference 1.

No meesurements were mede in the combustlion-gas stream between the
stator blades and the rotor blades, because the space avallable was
small and many surveys would have been required to obtaln an accurate
average of temperatures and pressures, The calculatlon procedures for
determining the total and static temperatures and pressures.at the rotor
blade inlet from the conditlomns at the stator blade inlet are explained
in referencs 1.

Cooling-Air Temperatures

The indicated cooling-air temperatures measured by the rske in the
cooling-air supply tube were corrected to totel temperatures for use in
the evaluation of . 1:1'_a T in equetion (1) in a memner similar to that

2
described in reference 1. The indicated cooling-alr temperature was
used as the effective cooling-alr temperature at the rotor .inlet for
correlation purposes. This simplificatlion was besed on the following
essumptions: The temperature recovery factory of the thermocouple and
of the disk were roughly of the same masgnitude, the relative velocity at
the entrance to ‘the disk and the absolute veloclty at the measuring
station in the cobling-air supply tube were approximately the same, and
11ttle heat was transferred to the cocoling alr between the measuring sta-
tion in the supply tube (fig. 4) end the entrance to the rotor. These
assumptions should. lead to 1:Lttle error 1n the temperature-d.i_f:f.‘erence
ratio. ..
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RESULTS AND DISCUSSION

The results of the experimentel investigatlions on disk temperature
measurements of the split-type air-cooled turblne rotor are presented In

figures 10 through 15.

Experimental Data

Variation of disk temperatures and inlet cooling-alr temperasture
with cooling-alr flow. - The experimental date for several typlcal disk
thermocouples and the cooling-air temperature at the Inlet to the rotor
are presented in figures 10, 11, and 12 for 4000, 5000, and 6000 rpm,
respectively. The engine opereting conditions for the polnmts shown in
filgures 10 through 12 are presented in teble I. The general trends of
the observed disk end cooling-alr termperatures ere the same as that of
the blade temperaetures reported in reference 1. The temperatures meas-
ured In the forward disk, with the exception of that Indicated by thermo-
couple 1, Increesed as the radial posltion Increased, as would be
expected. The epparent reason for the temperature indlicated by thermo-
couple 1 belng higher than or equel to that indicated by thermocouple 2
1s that thermocouple 1 was shielded to some extent by the thermocouple
terminal ring (:t‘ig. 8) end received no direct cooling from the external
cooling gir on the upstream face of the forward disk. In figure 10,
thermocouple 11 in the rear disk (2.82-in. rad) is shown to have indi-
cated & temperature level between that shown for thermocouples 4 and 6
(6.81- and 8.14-in. rad, respectively) in the forwerd disk. This condi-
tlon 1s accentuated in figures 1l and 12 for 5000 end 6000 rpm, res-
pectively. The tempersture at position 11 in the rear disk &t 5000 rpm
rose higher than that of thermocouple 6 in the forward disk at a cooling-
alr flow of about 1.85 pounds per second. At 6000 rpm, this crossover
occurred at 2.75 pounds per second and at the extremely low cooling-air
flows af 0.70 pound per second the temperature in the resr disk at this
inner radius reached a value almost equal to that indicated in the
serraetions 1n the forwerd disk. The tempereture indicated by thermo-
couple 1l was also higher than that Indicated by thermocouple 10 at the
low cooling-alr flows (fig. 12).

Disk temperature profiles at 6000 rpm. - Typical radial temperature
profiles for two cooling-eir flows for the forward and rear disk are
shown in figure 13. The temperature profile of the forward disk was at
e very low level and essentially flat from the innermost thermocouple
location out to a radius of aepproximately 6z inches (fig. 13(a)). From

this point out to the temperature measurement in the serretions, the tem-
perature increased rapidly over the entlire renge of cooling-air flows,
but even at the lowest cooling-alr Fflow the serration temperature was
600° F lower than the effective gas termperature, vhich indicated effec-
tive cooling. The exial temperature gradient across the forward dilsk
was negligible (see table II).
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In figure 13(b)}, which presents the temperature profiles in the
rear disk for the same conditions that are shown in figure 13(a), the
temperature . level.out to a redius of 7.0 inches wes considerably higher
than that obtelned for the forward disk. At the lower cooling-air flows,
a reversal 1n the profile occurred that is ’ thermoccuple 11 resd higher

‘than thermocouple 10. . . L - e .

Correlation of disk temperatures. --By use of the parameter 1 - @
and the cooling-air flow ratio wa/w ;» the correlation plots of the 1l
thermocouples located in the disks are presented in figure 14. The tem-
peratures obtalned for each speed-in the rear disk and in the forward
disk near the rim showed good correéldtion and reproduclibility when
plotted on semllog coordinates. The data for the 4000 and 5000 rpm runs
also correlated closely, but at 6000 rpm the correlatiom curve tends to.
be slightly lower which indicates better cooling then at the two previo‘u.s
speeds. The resulting plots in figures 14(d).to 14(J) indicate a
gtraight line relationship. The data polmts for thermocouple 11, fig- -
ure 14 (k), however, were correlated by a slightly curved line. When
examining the behavior of this thermocouple in figures 10, 11, 12, and
13(b), 1t was -thought that this point was affected by other factors that
were not described by the temperature-difference ratlio, posslbly by rad-
lation from the tail-cone baffle plate. The slight scatter of the -
correlation plots in figures 14(a), 14(b), and 14(c) appeared where -
the disk temperatures were in the 100° I' ramge and the variation of
temperature for  a given speed over tha range of cooling-alr flowe was
small. The correlation relationshlp expresseéd 1ln figure 14 merely
indicated that for.the three speeds lnvestigated and for a specific
cooling-air flow ratio, the ratlio of gas-side to cooling-alr side heat-
transfer coefficilents remained approximately comstant. However, as pre-
viously mentioned, the 6000 rpm ¢urve ls slightly lower and ap the speed
is increased further shifts of the curves can probably be expected. o

Temperature Distribution and Heet-Transfer Characteristics

The general temperature level of the two disks wes very low, partly
because of .ths direct coollng from the intermal air flow, and partly be-
cause of the reduced heat transfer imto the rim of the turbine. The
temperature in the rear disk at any radlal position was much higher than
thet ipn the forward disk. Thils temperature difference 1s thought to be
caused by several factars. The forward dlsk was cocled externally as
well as internally. TIn the normal englne installation, as was used 1in
these investigations, ram air 1s supplied to the upstream face of the
turbine . and flows redlelly along the face of the wheel. Evlidence of
this severe ¢ooling 1s shown in figure 13¢a) which indicates that the
temperature profile.over the range of coolant flows investigated at

6000 rpm wae- about 100° F out to a radius of 6,0 inches. The causes of __ -_ .

the high temperature level.of the rear. d.isk were thought to be radiation
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from the tail-come baffle plate (fig. 3), convection heating from the
combustion gases 1n the chamber between the rear disk and the baffle
plate, and possibly separetion of the cooling alr from the immer surface
of the rear. disk as the elr turned radlally oubtward from the supply tube
into the impeller. )

The primary reason for the two disks remaining at thelr respective
temperature levels durling operatlon was the insulating layer of alr be-
tween them. In the normal operatlion of the solld dlsk, cooling of the
upstream face end heating of the downstream face take place, but the
temperatures tend to equalize somewhat by transverse conduction within
the disk. This conduction process cannot take place to any great extent
in the split-type disk.

As would be expected for coollng ailr on both sides of the foérward
disk, no apprecieble transverse temperature gradient existed at the two
radial positions investigated (see teble II). Also, no difference
eppeared between the measurements cbtalned from thermocouples 5 and 8.
This indicated that the extended heat-transfer surface offered by the
Impeller vanes did not affect the disk temperature directly bemeath the
vanss., . :

The extreme radisl temperature gradient that was measured in the
forward disk near the rim (fig. 13(a)) and the smaller gradient thought
to exist in the redr 4isk were due to the fact that one of the primary
heat sources was through the rim. The heat suppllied by conduction’ from
the bledes into the dlisks and by direct convection heating by the combus-
tlon gases was approximately 5 percent of thet transferred to the blades.

The temperature of the tall-cone baffle plate, measured by two
thermocouples . (f1g. 4), indicated that it operated from 200° to 400° F
hotter than the rear disk., The temperature of the baffle plate at the
outer radius decreased as the cooling-air flow decressed. The mpesure-
ments at the imner raedlus, while they follow the sams generel trend as
the outer radlus, were erretilc, especlally et the higher cooling-air
flows. This unsteadiness may have been caused by cooling-ailr leskage
past the labyrlinth seals omto the baffle plate at the higher flows and
pressures. This leskage might also explain the behavior of the tempera-
tures measured et the immer radius of the rear disk (thermocouple 11) as
presented In figures 10, 11, 12, and 13(b). At the higher cooling-air
flows, and consequently greater leakage through the seal, any redistion
from the baffle plate to the rear disk was reduced since the baffle
plate was cooled by comvection in this lnner reglon. As the leakage was
decreesed at the lower cooling-air flows, radistlon to the rear disk hed
more effect and the temperature et this point in the rear disk increased
more repldly than eny. of the other disk temperstures. -
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The temperatures of the spider bearing spindle for 4000 and 6000
rpm ere plotted in figure 15 as & function of the cooling-air flow.
Little effect of speed on these temperatures 1s indicated in this plot.
The bearing temperature closely follows the inlet cooling-air tempera-
ture and operational difficulties could occur with commerclally avail-
able bearings at high cooling-ailr inlet temperatures.

Estimated Disk Temperatures at Rated Engine Conditions

The correlation presented in figure 14 permits estimation of the
disk temperature distribution at other operating conditions. Figure 16
shows such an estimation for the rated operating conditions of this
engine at a speed of 11,500 rpm usSing 2 percent of the engine mass flow
for cooling. These estimatlions were besed on the date presented in
figure 14 for 6000 rpm. If the correlation curves continue to shift
downward, as indicated by the dlfference between the 4000 and 6000 rpm
date, these estimates may be somewhat conservative. The calculated diek
temperatures for a inlet cooling-ailr temperature of 120° F which would
be obtained by cooling the bleed air between the compressor discharge
and the inlet to the tall cone are presemted in figure 16(a). The
calculated points for a cooling-air inlet temperature of 445° F, which
is slightly ebove compressor discharge temperature are shown in fig-
ure 16(a). The most significant cbservation to be derived from these
calculated profiles is that the gensral tempersture level of the tur-
bine for the low blade cooling-air flow ratic of 0.02 specified wes
well below 1000° F even for the case of the high cooling-air inlet tem-~
perature used in figure 16(b). This level 1s believed to be sufficient
for application of air-cooled noncritical disks. Other fectors such
as creep and corrosion resistance must be considered before a practical
application can be made.

A marked temperature difference between the forward and reer disgks
is shown in figure 16. This temperature-level difference results in a
differential thermal expansion which may influence the disk stress dis-
tribution considerably; detailed analysis of the effects on the stress
distribution 1s discussed in reference 7. Reducing the cooling-air
inlet temperature has a heneficial effect on the calculated temperature
levels of the disks for the two cases presented in figure 16. Two modi-
ficatlions can be made to the exlsting engine configuration which might
alleviate the difference in temperature level between the two digks.
The most obvious modification is to restrict the flow of external
cooling ailr over the forward disk., Care mist be taken, however, that
the rear turbine bearing does not overheat as this air helps to cool the
bearing. The other modification -that mey be considered ie to cool the
rear disk by circulating cooling eir inside the bullet of the tall come,
thus reducing the baffle plate temperature and reducing the radiation
to the rear disk. - : )

2302
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CONCLUDING EEMARKS

The results obtalned show that large reductions in disk temperature
can be obtained with cooling-alr flows required for accepteble blade
temperature, and that the use af nonecritical metals in the turblne disk
appears feasible. 8ince the turbine rotor contailns a large percentage
of the critical alloys in the.engine, substitution of a noncriticel tur-
bine disk will Iincrease the mmber of engines that can be produced from
& glven epount of alloying elements. The elternative method of achiev-
ing & reduction In critical materials in the turbine and a corresponding
increase in number of engines produced i1s to operate the englne at &
lower temperature level, which may produce a marked loss in eircraft
performance. Analyses conducted at the Lewls laboratory indicate,
however, that alr-cooling of the blades and disks can be schieved with-
out excessive loss in aircraft performance. In addition, the use of low
alloy materials greatly increases the veriety of metal-forming processes
avallable for producing disks and blades. It also appears from design
studles that heve been made, that the use of sheet metel components in
the fabricatlon of the disks and blades is desirable i1f a high rate of
production 1s to be obtained.

SUMMARY OF RESULTS

An Investligation was conducted to evaluate the structural and
cooling characteristics of an alr-cooled split-disk turbine rotor con-
figuration prior to design and fabricstion of & similar nonceritical
rotor. A standard J33 disk of 16-25-6 alloy was modified for the
investigation and fitted with cast X-40 alloy nine-tube air-cocled
bledes. The results of this investigetion, which was conducted in a
production turbolet engine, are summarized as follows:

1. The experimental alr-cooled rotor wes operated successfully at
cooling-alr flow ratlos of 0.02 to 0.10 up to englne speeds of 6000 rpm.

2. Operatlon of the split-disk rotor indicates that good disk
cooling can be cbtained at the cooling-eir flow ratios required for
alr-coaled noncriticsl turbine bledes. :

3. The cbserved temperature level of the two disks was below 450° F
et an engine speed of 6000 rpm and cooling-alr flow ratio of 0.02.

4. A conslderable difference in temperature level of the *two disks
was encountered over the range of engine speed and cooling-sir flow
ratio investlgated, which probably resulted from excessive cooling of the
forward disk of the rotor. Becasuse of the possibllity that unde-
sireble stress distributions 1n the two disks would result from the
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difference in temperature level, the investigation was terminated at
6000 rpm so that slight modifications of the configuration could be made
to relleve this conditiom.

5. Based on the correlation methods used, the calculated tempera-
ture level of the disks at rated engine conditions wilth low cooling-air
flow ratio 1s well below 1000° ¥, which is believed sufficlent for
application of experimental air-cooled noncriticel rotors.

Lewls Flight Propulsion Leboratory
Natlonal Advisory Committee for Aeronautics
Cleveland, Ohlo.

REFERENCES

1. Ellerbrock, Herman H., Jr., and Btepka, Francis 6.: Ixperimental
Investigation of Ailr-Cooled Turbine Blades in Turbojet Engine. I -
Rotor Blades with 10 Tubes in Cooling-Alr Passages. NACA RM ESOIO4,
1950.

2. Hickel, Robert 0., and Ellerbrock, Hermen H., Jr.: Experimental
Investigation of Alr-Cooled Turbine Blades in Turbojet Engilne.
IT - Rotor Blades with 15 Fins in Cooling-Air Passages. NACA
RM BS50T14, 1850,

5. Hickel, Robert 0., and Smith, Gordon T.: ZExperimental Investigation
of Alr-Cooled Turbine Blades in TurboJjet Engine. III - Rotor
Blades with 34 Steel Tubes in Cooling-Air Passages. NACA RM
E50J06, 1950, :

4. Ellerbrock, Hermén H., Jr., Zelsbak, Charles F., end Smith, Gordon T.:
Experimentel Investigation of Air-Cooled Turbine Blades in Turbojet
Engine. IV - Effects of Specilal leading- and Trailing-Edge Modifi-
cations on Blade Temperature. NACA RM E51A19, 1951.

5. Smith, Gordon T., and Hickel, Robert O.: Experimental Investlgation
of Air-Cooled Turbine Blades in Turbojet Engine. V - Rotor Blades
with Split Trailing Edges. NACA RM BES51AZ2, 1951. .

6. Arne, Vernon L., and Esgar, Jack B.: XExperimental Investligation of
Air-Cooled Turbine Blades in Turbojet Engine. VI - Conduction and
Film Cooling of Leading and Trailing Edges of Rotor Blades. NACA
RM B51C29, 1951. ' )

1 2502



oG

20¢2

RACA REM BS1T11I . - - 17

7. Kemp, Richerd, E., and Moseson, Merland L.: Investigations of
Alr-Cooled Turblne Rotors for Turbojet Engines. II - Mechani-
cel Designe, Stress Analysis, and Burst Test of Modified J33
8Split-Disk Rotor. NACA RM ESLJO3, 1952,

8. Livingood, Joln K. B., and Brown, W., Byron: Anslysis of Spanwise
Temperature Distribution in Three Types of Air-Cooled Turbine
Blade. NACA Report 994, 1950. (Formerly RM E7Blle and RM E7G30.)

9. Ellerbrock, Herman H., Jr., and Ziemsr, Robert R.: Preliminery
Analysis of Problem of Determining Experimentel Performance of Ailr-
Cooled Turbine. IIT - Methods for Determining Power and Efficlency.
NACA FM BSOE18, 1950. :



TABLE I - SUMMARY OF ENGINE OFERATING CONDITIONS

Serles | Run | Engline | Average compressor- | Average Combustion~ | Cooling-air leins-a:uj Cooling-air |Caloulated
speed inlet condition fuel flow { gas flow flow flow ratio | inlet © {effective gas
¥ [Total Temper - ) Vg A w,/wg' tempereture |temperature
(rpm) |pressure | ature | (13 /500) | (1n/sec) (1b/eec) : Ta,H Tg,e
(in. Hg (°r) : (°F) (g]_?)
absolute)
I 1 3988 29.48 47.3 0,355 21,00 1.622 0.077 61.5 1152
2 3976 ) 20,99 1.479 .070 65.0 1145
3 3996 20.74 1.968 095 b5.5 174
4 40350 21,05 l.848 .088- 57.0 1168
5 3998 20,83 1.778 .085 58,0 1169
6 4000 21.08 1.550 064 65,5 1150
7 3998 21.16 1.244 059 87.5 1148
. 8 3994 21,16. 1.131 .054 70.5 1143
9 | 4004 21.59 .968 045 - | 75,0 1137
10 4004 Y \ "y 21.71 »718 . 033 88.5 1135
I 1 4988 29.03 65.0 0.429 24.98 2.569 0.103 80.0 1205
12 5040 25.55 2.388 .093 59.0 1198
13 4982 26.37 2.235 .088 60.0 1180
14 4588 25.59 2.046 .080 62.95 - 1180
15 5020 25.79 1.807 .070 68.5 nn
16 5004 25.88 1..609. _.062 70.5 1165
17 4968 25,78 1.4 058 75.5 1155
18 4999 26.09 1.226 . 047 79.5 1151
19 4980 26.23 1.000 " ,038 88.5 1145
20 4980 {'3 . ' ‘ 26.26 .706 . <027 108.0 1144
I 21 5980 29,25 40.0 0.500 32,38 3.192 0.099 43.0 1056
22 6002 33.14 2.862 .086 45,0 o5l
. 23 5980 32.97 2.608 078 48.5 1048
24 6016 2.355 49.5

25 5997 35.06 2.072 063 3.0 loz2
28 5988 35.02 1.802 .053 96.5 1038
27 5998 35.84 1.573 046 60.0 1036
28 6024 34.47 1.283 .037 . 687.5 1035
29 5998 33,97 1.010 .030 1.5 1030
30 | ems v , 33.86 701 021 85.5 1024
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Berdes | Run (T 1| T,z In,5 | ™,4| ™,5( ®,6 | ™,7 | ™,8 | ®,9 | Tp,10| Tp,11 SP;“‘UB
(°F) | (°r) | (o) | (°F)[-(°F) | (°F) | (°F) | (°F) | (°F) [ (°F) | (°F) 12
(or)
T 1 [ 98| 93 | 92 |122 | 112 183 (308 |11 | 282 | 188 | 167 100
2 | 99| 95 | 92 (123 {115 |192 |35 (115 | 279 | 198 | 177 110
5 | 98 | 89 | 85 |113 | 100 [185 {277 (102 | 226 | 165 | 147 102
4 100 | 92 | 87 |127 | 108 287 |105 | 238 | 175 | 156 110
5 |100 | 92 | 88 |118 | 107 |182 (292 |207. | 244 | 177 |58 110
6 (102 | 97 | 94 |127 | 118 {202 [z28 [119 | 296 | 210 | 188 118
7 1102 | 100 | 98 |1335 | 125 {210 [342 [125 | ®3 | 224 | 200 118
8 |103 | 102 |102 |137 | 132 |22 (353 (132 | 335 | 238 120
9 |03 | 102 |104 [144 | 138 | 250 |374 |137 | 383 | 265 120
10 |102 | 110 (114 |162 | 158. - |423 | 157 | 428 | 345 125
IT 1L |107 | 200 | 87 |117 | 108 16835 |275 }104 |213 | 157 | 138
12 (108 | 100 | 91 (122 [108 |2168 (285 [110 |230 | 172 |1s1
13 |110 |102 | 82 [125 | 112 |173 (291 |112 |241 | 180 |159
14 |12 103 | 94 (127 |21Ll7 (182 [302°|114 | 258 | 193 |174
15 |115 |108 | 97 [132 |122 |192 |3L7 |122 |.284 | 213 | 193
18 [114 | 109 |105 |137 | 128 |205 [33% |128 | 310 | 2385 | 213
17 (117 [115 |109 |[144 | 137 | 219 |355 {137 | 344 | 259 | 239
18 |117 | 117 |117 [153 | 147 |235 |374 |145 | 378 | 288 |27
19 120 |121 |121 (162 | 158 [258 [404 |158 | 419 | 327 | 305
20 |126 | 131 |138 (186 |186 |302 |[462 |18 | 484 | 395
IIT 21 | 87 | 8. | 73 | 99| 86 |132 |232 |-.86 [200 | 150 |128 74
22 | 87 | & | 75 (100 | 91 |138 (238 | 89 | 214 | 159 |135 77
23 | 90 | 85 | 78 [105 | 93 |145 [248 | 95 |[=228 | 170 |142 80
24 | 91 | 85 | & |111 | 97 |152 (257 | 96 | 243 | 181 | 154 B3
25 | 91 | 87 | 84 |ll2 {102 [159 |e72 [1001 |=263 | 194 |[les 85
26 | 92 | 90 | 87 |18 | 110 [171 |[287 |[110 | 287 | 213 |iss 93
27 | 95 | 91 | 89 [117 |112 |180 (299 |112 | 304 | 230 | 202 94
28 |100 | 95 | 968 [129 |2123 |197 |326 |122 | 343 | 261 | 242 107
29 101 | 100 (1058 [138 {134 |221 |354 |133 | 377 | 302 |32 110
30 |107 | 108 (115 [154 | 153 [252 3935 |155 | 420 | 355 | 387 122
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Figure 1. - Modified J353 air-cooled turbine.
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air flow at engine speed of 5000 rpm; average effective gas temperature, 1170° F,

2002

oge

TIIIST W3 VOVN



Temperature, O

500

500

100

2302

AN

7
/
1
=
W
/

7
/
i
/

N::;:;M — |
St \

[O~0ln o

1,0 2.0 3.0 4.0 0 1.0 2.0 5.0 4.0

Cooling-air flow, Wa, lb/sec

(a) Forward disk. (b) Rear aigk.

Flgure 12, - Varia.tion of digk temperatures and cooling-alr temperature with cooling-alr flow at engine

speed of 6000 rpm; average effective gas temperature, 1039° ¥,

TITISE W4 VOVN

TE



32 NACA BM ES51I11l

400

Cooling-air
flow
300 (1b/sec)
O =3.192
o .701 ..
200 a /,/ “1
/E!’

1 —0 : —

00 S
> $ O
=)
g oo -
® (a) Forwerd diek. )
E 500 :
2

0o /El’

~—~—_ //
. :3___’/
300
200 Ot
/\J
P O
1oc2 3 ‘4 5 8 7

Figure 15. - Radial disk temperature distributlon for two cooling-ainr flows. Engine spesd,
6000 rpm; average tomhustion-gas flow, 335.5 pounds per second; average effective gas - -
temperature, 1039° ¥. . .. Lo A '

Disk radius, in.

(b) Rear ‘aisk,




L

TITISH WY VOVH

‘10 ™ Edgine speed
(xpm)
o 4000
_ o 5000
- L Ec-:;-;ﬂﬂfﬁ— 1 DH:I"::
4 q B
_______.-l--“"‘QT O N —per e
o o
0 . _
(a) Thermocouple 1. : (b) Thermocouple 2.
.10 :
A
& a 3“&1#
' I°5
- o A
ATt s ‘p'_!!f'&’ U
0 . l EEAEEEN]
102 105 -04 105 '06 -08 -]-o l12 002 105 004 .05 lw 108 ulo .12

Cooling-air flow ratlo, va/wg ,
(c) Thermocouple 3. (4) Thermocouple 4.

Figure 14, - dorrelu.t:l.on of disk temperatures with cooling-air flow ratio at peveral engine gpeed.u.

ce



.4 Illllplé. RRBARRAL
Engine Bpee 'Q:E?E?
(xrpm)
o 4000
o 5000
A el Ll |
A E_ -T
hilbihdhaainis
0 TETIm
(e) Thermocouple 5. i (£) Thermocouple 6.
4
'A\ ™0
\ hd h‘
™2
.2 e L
TP
0 .02 .05 .04 .05..06 ,08 .10 .12 .02 .05 .04 .05 .06 .08 .10 .12

Cooling-air flow ratlo, wa/wg

(g) Thermocouple 7. () Thermocouple 8.

Figure 14, - Continued. Correlation of disk temperatures with cooling-air flow ratio at several

engine speeds.

¥e

TITISE W VOVE



6G

NACA RM ES1TLL

-4 Ny [TTTTTTT
\\*#.Lu
i i
0
(1) Thermocouple 9.
4

R
\\\l

.2
S
O%ﬂ
o]
(J) Thermocouple 10.
“ L] X ) T U L] L] LI T I |
Engil(me s;§>eed
rpm,
\ . -
\\. ) 4000
o 5000
.2 \H A 19
A‘\{
A
R
ma
(o]
02 .03 04 05 ,06 .08 <10 .12

Cooling-air flow ratio, wa/wg

(k) Thermocouple 11.

Flgure 14. - Concluded. Correlation of disk
temperaturea with cooling-air flow ratio
at several engine speeds.

35



36

NACA RM ES1T1L

200

tenperature, Op
=
o
o

Splder bearing spindle

) 1
Engline speed
(rpm) |
o o 4000
oegd 00| A 6000
A

1r--'°‘“ﬁ—-—b-.

1.0 2.0 3.0 4.0

Cooling-air flow, Vs 1b/sec

Figure 15. - Varilation of spider bearing spindle

temperature with coo

speeds.

ling-air flow for two ehgine



NACA RM ES1I1l

/ :

200 |— Forward disk‘ /,/
g. -
P
B (=) Cooling-air inlet temperature, 120° F.
§ 1000 - i
o :
A

: pd
800 g Rear disk = /

—— Forward disk

400

2 4 6 . 8 10
Disk redius, in.

(b) Cooling-air inlet temperdture, 445° F.

Figure ‘16, - Calculated disk temperatures for modified
J33 engine. Engine speed (rated), 11,500 rpm; cooling-

alr flow retio, 0.02; average effective 8t
T o » g8 emperature,

NACA-Langley - I-8-82 - 400



T St S 1 L [ 8 | el wl .y bl TSl
——

i”ﬂ T Hlﬁlﬂﬂ nE-

1176 01




— e St ot 1 B Il d1I St w1 1 b 1N

MMHHH! WIHHHE‘EH(W I




